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Abstract  
Plasma electrolytic oxidation (PEO) is an attractive technology for improving resistance 
to wear, heat and corrosion of aluminum alloys. PEO results in a hard, well-adhered alumina 
ceramic coating with a morphology which is graded from a dense region near the substrate 
interface to a porous outer region. Such properties mean that PEO can be an ideal underlying 
layer for the application of solid lubricants which can be entrapped in outer pores and provide 
reservoirs for the tribological contact lubrication. This study investigates the fretting wear 
behavior and adaptive mechanisms for a PEO-produced alumina surface of about 11-12 GPa 
hardness with a top layer of an MoS2/Sb2O3/C chameleon solid lubricating coating, the 
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composition of which was designed to self-adapt in variable humidity environments for 
friction and wear reduction. Coupons of AA 6082 alloy were coated by the PEO process and 
then were over-coated by a burnishing process with a MoS2/Sb2O3/C chameleon coating to 
prepare a duplex coating combination. The coated surfaces were investigated using 
nanoindenation, Raman spectroscopy and scanning electroscopy and were then subjected to 
fretting wear tests against steel and alumina balls with variable amplitude (0-100 micron) and 
loads (10-100 N) in both humid air and in dry nitrogen environment conditions. The tests 
demonstrated low friction coefficients, considerable reduction in critical amplitude for the 
stick-slip transition, and self-adaptive tribological behavior in cycled environment tests. 
Friction coefficients of the order of 0.10-0.15 in humid air and 0.06-0.09 in dry nitrogen were 
recorded and linked with the surface self-adjustment from graphite to MoS2 lubrication, 
respectively, which was confirmed by Raman spectroscopy. The studies demonstrate the 
effectiveness of the PEO/chameleon duplex coating system for the friction reduction of and 
fretting wear in the gross-slip regime, as well as significantly reducing the critical amplitude 
of stick-slip transition for fatigue wear mitigation. 
 
Keywords: Plasma electrolytic oxidation; Chameleon coating; Fretting; Wear, Tribology 
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1. Introduction 
Owing to their low density and high strength-to-weight ratio, light metals, including 
aluminum, magnesium and titanium alloys, are widely used in aerospace, automotive and rail 
transportation applications, for example to reduce fuel consumption [1, 2]. These alloys are 
also used in the biomedical industry, for example; Ti6Al4V alloy is a commonly used implant 
material due to its low density, high corrosion resistance and biocompatibility [3, 4]. However, 
light alloys have poor sliding, rolling and fretting wear performance owing to their low 
hardness [5, 6] and absence of a low cycle fatigue limit. Recently, with the widening of light 
alloy applications, including engines, and aerospace components, it¶V becoming more 
important to enhance the surface performance of light alloys using surface treatments. Surface 
engineering of light alloys remains a challenge because they cannot be hardened effectively, 
while surface oxides can decrease the bonding between applied hard coatings and the substrate 
[1].  
Plasma electrolytic oxidation (PEO) is an electrochemical surface treatment process for 
generating oxide coatings on metals [7-13]. PEO coatings have relatively high hardness and 
good adhesion strength to the substrate [8]. They typically consist of a porous outer layer, dense 
intermediate layer and thin inner layer [13]. PEO coatings are typically used to enhance the 
biocompatibility [7], thermal stability [9], friction and wear resistance, together with corrosion 
resistance [13].  
They have been commonly used in engineering applications to enhance the tribological 
performance of aluminum alloys. The unlubricated sliding performance of PEO coatings in 
nitrogen, vacuum, 50%-humid air and 80%-humid air conditions were studied by Yerokhin et 
al. [14, 15]. It has been shown that external environment and humidity has a significant 
influence on the friction behavior of PEO coating. The existence of water in the air can enhance 
the formation of aluminum hydroxide at the contact interface, which leads to the reduction of 
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friction. As expected, compared to the untreated aluminum alloy substrate, PEO coatings 
shown better sliding wear resistance performance owing to the relatively high hardness [13]. 
Such wear resistance enhancement and a relatively low cost of the process has resulted in 
several industrial applications of PEO coatings on aluminum alloy surfaces for sliding wear 
reduction, but the studies of PEO coatings in fretting wear are limited [16, 17].  
Fretting is a small amplitude oscillatory motion wear process between two bodies leading 
to progressive surface damage by inducting sub-surface material transformations [18]. 
Depending on the interfacial sliding behavior, fretting can be divided into two regimes; gross-
slip condition when full sliding is observed at the interface, and stick-slip condition when no 
sliding occurs in the center of the contact and material is subjected to repeated elastic 
deformation cycles while the contact edges have low amplitude sliding [19, 20]. The stick-slip 
regime is especially critical in engineering applications with light weight alloys, since elastic 
deformation cycles in fretting wear contacts can lead to the onset of fatigue surface cracks and 
catastrophic component failure. Under gross sliding fretting wear, the interface firstly goes 
through plastic deformation followed by wear debris formation and detachment from the bulk 
material [21-23]. These debris are abrasive and lightweight materials can experience a 
significant wear due to their relatively low surface hardness. To counter both fretting wear 
regimes, contradicting requirements of a low shear strength surface (to prevent stick-slip and 
associated fatigue) and a high shear strength surface (to resistant abrasion) could be provided 
by duplex surface treatments and coatings to provide a low shear and soft top surface and high 
shear strength and hard underlying layer [24]. Several examples of such a combination can be 
found in the literature for fretting wear mitigation, including CrN/CuNiIn coating [25] and 
TiN/MoS2 coating [26]. One common drawback is the absence of a resupply possibility and 
environmental adapting capability, which calls for the design and cost effective manufacturing 
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of hard surfaces where environmentally self-adaptive solid lubricants can be stored and 
released to the fretting wear contacts. 
Solid lubricants are widely used in the aerospace engineering because of the extreme 
environment conditions, such as low or high temperatures, low pressures, variable humidity, 
and the presence of oxidants [27], which prevent the use or reduces the performance of 
traditional oil lubrication. However, a major challenge for solid lubricants in aerospace 
applications is humidity and temperature variations [28, 29]. For example, graphite can 
effectively reduce friction and wear in humid environments but has poor performance in dry or 
vacuum conditions [30]. The coefficient of friction and wear rate of MoS2 are low in dry or 
vacuum conditions, but relatively high in humid conditions [31]. Aimed at this problem, the 
concept of adaptable chameleon coating was introduced, which provides self-lubrication [32-
37], high surface hardness [38, 39] and good wear resistance performance in varied 
environments [40]. 
Chameleon coatings may have good self-lubrication performance and environmental 
adaptability, but relatively poor adhesion and low surface hardness, which can reduce their 
performance in fretting wear applications. Meanwhile, PEO coatings on lightweight aluminum 
and titanium alloys have excellent load support properties, which makes them a very good 
candidate for supporting sub-layer for chameleon coatings on lightweight alloys. Furthermore, 
the outer layer of the PEO coating has a high porosity, while the inner layer of the PEO coating 
has lower wear rate due to its relatively high hardness and low porosity [8]. Typically, the outer 
porous layer of the PEO coating is removed by mechanical polishing. However, in view of the 
combination with chameleon solid lubricant such a structure can be beneficial to provide 
lubricant reservoirs for their extended release into the fretting contact. To investigate such an 
approach for fretting wear mitigation, a new duplex PEO/chameleon (MoS2/Sb2O3/C) coating 
was processed on AA 6082 series alloy substrates. The friction and wear performance of PEO 
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coating and PEO/chameleon coating were investigated under fretting conditions in humid air 
and dry nitrogen environment. 
 
2. Methods 
2.1 Materials 
Substrates were made of aluminum alloy 6082. The samples were 50 mm by 50 mm 
squares of 1.5 mm thickness on one surface of which a PEO coating of about 20 µm thickness 
was prepared using experimental approaches as described in Ref [41]. For this purpose, a dilute 
alkaline electrolyte with additions of 1 to 2 g/l of Na2SiO3 and 2 to 3 g/l of Na4P2O7·10H2O 
was used. A pulsed bipolar polarization at a frequency of 1.7 kHz with fill factor of 0.4 and 
magnitudes of positive and negative bias of +530V and -180V respectively was utilized to 
achieve an initial RMS current density of about 30 A/dm2; this provided a coating growth rate 
of 2 to 3 µm/min. The chameleon coating, which consists of a few micrometers of graphite 
doped with MoS2 and Sb2O3 was burnished onto the surface of the PEO coating, following 
procedures described in Ref. [42].  For this purpose, chemically pure powders of graphite (40 
wt %), MoS2 (40 wt.%) and Sb2O3 (20 wt.%) were mixed and then hand burnished on the PEO 
sample surface using a lint free cloth to help smoothen the top layer surface. The burnishing 
process created about 5-8 µm thickness of MoS2/Sb2O3/C composite overcoat on the surface 
of the PEO coating. PEO coating hardness and elastic moduli were measured by 
nanoindentations in a coating cross-section, which avoided the substrate influence. 
Indentations were performed with a Keysight G200 nanoindentor using a Berkovich tip with 
depth limit of 400 nm, following general procedures available in the literature [43]. Results 
were averaged over 120 indents conducted with a 0.15 nm/s allowable drift rate and 10 seconds 
of the maximum depth holding time. A fused silica test sample was used to calibrate the system 
compliance and the indentor area function. 
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2.2 Experimental setup 
7KHWULERORJLFDOEHKDYLRURI3(2DQG3(2FKDPHOHRQFRDWLQJVZDVLQYHVWLJDWHGZLWKD
EDOORQSODQH IUHWWLQJ WHVW XQGHU GLIIHUHQW HQYLURQPHQWDO FRQGLWLRQV $Q HOHFWURG\QDPLF
SRZHUHGIUHWWLQJVHWXSEXLOWLQWKH6FKRRORI0HFKDQLFDO(QJLQHHULQJDWWKH8QLYHUVLW\RI/HHGV
ZDVXVHG LQ WKLV VWXG\ >@'XULQJ IUHWWLQJ WHVWV WKHFRDWHGVDPSOHZDV IL[HG LQ WKHVWDWLF
KROGHUZKLOHWKHFRXQWHUERG\EDOOZDVIL[HGRQWKHUHFLSURFDWLQJDUP7KHQRUPDOORDGZDV
DSSOLHGZLWKGHDGZHLJKWVSUHYLRXVO\FDOLEUDWHGZLWKDORDGFHOO7KHODERUDWRU\WHPSHUDWXUH
ZDV&DQGUHODWLYHKXPLGLW\EHWZHHQDQG$OXPLQDEDOOVPPLQGLDPHWHUDQG
VWDLQOHVVVWHHOEDOOVPPLQGLDPHWHUZHUHXVHGLQWKLVVWXG\ 
'XULQJWKHIUHWWLQJWHVWVWDQJHQWLDOIRUFHDQGGLVSODFHPHQWDPSOLWXGHZHUHUHFRUGHGIRU
HDFK IUHWWLQJ F\FOH XVLQJ D FDOLEUDWHG ORDG FHOO DQG D ILEHU RSWLF GLVSODFHPHQW VHQVRU
UHVSHFWLYHO\$OOIUHWWLQJWHVWVZHUHGLYLGHGLQWRWKUHHJURXSVWRLQYHVWLJDWHGLIIHUHQWWULERORJLFDO
EHKDYLRU XQGHU IUHWWLQJ ZHDU ,Q WKH ILUVW JURXS D UHODWLYHO\ KLJK QRUPDO ORDG DQG VPDOO
DPSOLWXGHZHUHDSSOLHGWRLQYHVWLJDWHWKHWUDQVLWLRQEHWZHHQVWLFNVOLSDQGJURVVVOLSFRQGLWLRQV 
7KHDOXPLQDDQGVWHHOEDOOVXVHGLQWKLVVWXG\KDGGLIIHUHQWGLDPHWHUVHODVWLFPRGXOXVDQG
3RLVVRQ
V UDWLRV DQG WKHUHIRUH QRUPDO ORDGV ZHUH VHOHFWHG WR PDWFK WKH +HW]LDQ FRQWDFW
SUHVVXUHVWRDOORZUHVXOWFRPSDULVRQV,QWKHILUVWJURXSIUHWWLQJWHVWV1ORDGZDVDSSOLHG
WRWKHDOXPLQDEDOODQG1ORDGZDVDSSOLHGWRWKHVWHHOEDOOWRSURYLGHFRQWDFWSUHVVXUHVRI
03DDQG03DUHVSHFWLYHO\)RUWKHFRQWDFWSUHVVXUHHVWLPDWLRQVWKHHODVWLFPRGXOL
RI WKH3(2FRDWHGVXUIDFHZDVDVVXPHGWREHDW*3DZKLFKZDVZLWKLQ WKHPHDVXUHG
YDOXHVUHSRUWHGEHORZ:KLOHWKHHVWLPDWHRIWKH+HUW]LDQFRQWDFWSUHVVXUHDWDERXW*3DDV
SURYLGHGKHUHLVDSSUR[LPDWHGXHWR3(2FRDWLQJHODVWLFPRGXOLYDULDWLRQDQGDSRVVLELOLW\RI
DOXPLQXP DOOR\ VXEVWUDWH IOH[LQJ XQGHU  ȝP WKLFN 3(2 FRDWLQJ WKLV LV UHSUHVHQWDWLYH RI
SUHVVXUHV HQFRXQWHUHG LQ SUDFWLFH IRU PHFKDQLFDOO\ ORDGHG EHDULQJV DQG RWKHU FRQWDFWV
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,PSRUWDQWO\LWZDVNHSWFRQVLVWHQWLQDOOWHVWVUHSRUWHGKHUHIRUWKHUHODWLYHFRPSDULVRQV7KH
IUHWWLQJWHVWLQJURXSH[SHULPHQWVZDVGHVLJQHGLQDZD\WKDWWKHGLVSODFHPHQWDPSOLWXGHZDV
JUDGXDOO\GHFUHDVHGIURPPXQWLOUHDFKLQJDFULWLFDOWUDQVLWLRQFRQGLWLRQEHWZHHQJURVV
VOLSDQGVWLFNVOLSUHJLPHV 
,Q WKH VHFRQG JURXS IUHWWLQJ WHVWV ZHUH FRQGXFWHG WR LQYHVWLJDWH WKH WULERORJLFDO
SHUIRUPDQFH RI 3(2 DQG 3(2FKDPHOHRQ FRDWLQJV DW GLIIHUHQW HQYLURQPHQW FRQGLWLRQV
LQFOXGLQJKXPLGDLUDQGGU\QLWURJHQ)RUDOOIUHWWLQJWHVWVLQJURXSWKHIUHTXHQF\ZDV+]
WRUHGXFHWKHWHVWGXUDWLRQ7KHDPSOLWXGHZDVȝPWRHQVXUHWKDWDOOWHVWVDUHDWJURVVVOLS
FRQGLWLRQ )RU WKH DOXPLQD EDOO DQG WKH VWHHO EDOO WKH QRUPDO ORDGV ZHUH  1 DQG  1
UHVSHFWLYHO\WRPLQLPL]HWKHGLIIHUHQFHLQLQLWLDOFRQWDFWSUHVVXUHVZKLFKZHUHDW03DDQG
03DUHVSHFWLYHO\ 
$WZRSLHFHUHWUDFWDEOHFKDPEHUZDVGHVLJQHGWRFUHDWHDQLVRODWHGHQYLURQPHQWIRUWKH
QLWURJHQ WHVW$IOH[LEOH WXEHZDV LQVHUWHG LQWR WKHFKDPEHUZKLFKZDV WKHQILOOHGZLWKGU\
QLWURJHQIRUPLQEHIRUHIUHWWLQJWRDVVXUHVWDEOHHQYLURQPHQWDOFRQGLWLRQV'U\QLWURJHQZDV
FRQWLQXRXVO\SXPSHGGXULQJWKHIUHWWLQJWHVWVWRDYRLGWKHKXPLGLW\ULVH$K\JURPHWHUSUREH
ZDVLQVHUWHGLQVLGHWKHFKDPEHUWRPRQLWRUWKHKXPLGLW\OHYHO 
,QWKHWKLUGJURXSRIIUHWWLQJWHVWVDOOWKHSDUDPHWHUVZHUHWKHVDPHDVLQWKHVHFRQGJURXS
H[FHSWWKHIUHWWLQJWHVWGXUDWLRQ,QWKHWKLUGJURXSF\FOHIUHWWLQJWHVWVZHUHFRQGXFWHG
WRLQYHVWLJDWHWKHSHUIRUPDQFHRI3(2DQG3(2FKDPHOHRQFRDWLQJVXQGHUORQJWHUPIUHWWLQJ
ZHDU'HWDLOHGSDUDPHWHUVRIJURXSWHVWVFDQEHVHHQLQ7DEOH 
2.3 Surface characterization 
2.3.1. Wear volume measurements 
$ZKLWHOLJKWQRQFRQWDFWSURILORPHWU\%UXNHU13)/(;ZDVXWLOL]HGWRFKDUDFWHUL]HWKH
ZHDUVFDUVRI3(2DQG3(2FKDPHOHRQFRDWLQJV7KLVPHWKRGZDVXVHGWRREWDLQDTXDOLWDWLYH
' VXUIDFH PRUSKRORJ\ DQG TXDQWLWDWLYH DVVHVVPHQW RI ZHDU GHSWK &RPSDULQJ WR WKH
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3(2FKDPHOHRQ FRDWLQJ WKH VXUIDFH PRUSKRORJ\ RI 3(2 FRDWLQJ ZDV PRUH GLIILFXOW WR
FKDUDFWHUL]HGXHWRWKHKLJKVXUIDFHSRURVLW\7KHUHIRUHWKHVXUIDFHVFDQQLQJPHWKRGIRU3(2
FRDWLQJZDVVHWDWîPDJQLILFDWLRQDQGîVFDQQLQJVSHHGWRFDSWXUHPDQ\GDWDSRLQWVZKLOH
WKHVFDQQLQJIRU3(2FKDPHOHRQFRDWLQJZDVVHWDWîPDJQLILFDWLRQDQGîVFDQQLQJVSHHG
WRUHGXFHWKHVFDQQLQJWLPH7KHVFDQQLQJDUHDIRUDOOWKHVDPSOHVZDVîPP 
 
2.3.2. SEM imaging 
7KH PLFURVWUXFWXUH DQG FRPSRVLWLRQ RI 3(2 DQG 3(2FKDPHOHRQ FRDWLQJV ZHUH
LQYHVWLJDWHGZLWKDVFDQQLQJHOHFWURQPLFURVFRS\6(0=HLVV(92936(0ZKLFKZDV
HTXLSSHGZLWKDQ;UD\HQHUJ\GLVSHUVLYHVSHFWURPHWHU('67KHDFFHOHUDWLQJYROWDJHDQG
ZRUNLQJGLVWDQFHIRU6(0WHVWVZHUHN9DQGPPUHVSHFWLYHO\$IRFXVHGLRQEHDP
VFDQQLQJHOHFWURQVSHFWURPHWHUPLFURVFRSH),%6(0)(,4XDQWD'ZKLFKZDVRSHUDWHG
XQGHU  N9 DFFHOHUDWLQJ YROWDJH DQG  PP ZRUNLQJ GLVWDQFH ZDV XVHG IRU IXUWKHU
YLVXDOL]DWLRQ RI WKH PLFURVWUXFWXUH RI WKH FKDPHOHRQ FRDWLQJ 7R HOLPLQDWH WKH FKDUJH
GLVWULEXWLRQSKHQRPHQRQDQGHQKDQFHWKHFRQGXFWLYLW\RIWKHVDPSOHDQDSSUR[LPDWHO\QP
WKLFNQHVVHVRISODWLQXPOD\HUZDVGHSRVLWHGRQWKHVXUIDFHRIWKHWHVWVDPSOHV 
 
2.3.3. Raman characterization 
5DPDQVSHFWUDRIWKHZHDUVFDUVZHUHREWDLQHGXVLQJD5HQLVKDZ6\VWHP5DPDQ
VSHFWURPHWHU XWLOL]LQJ DQ $UJRQLRQ ODVHU O    QP DV WKH H[FLWDWLRQ VRXUFH 7KH
VSHFWURPHWHUZDVFDOLEUDWHGDJDLQVW6LSHDNVDWFPSURYLGHGE\DSODQHVLOLFRQZDIHU
FU\VWDO7KHVSHFWUDZHUHWDNHQIURPUHJLRQVZLWKVXUIDFHDUHDRIVHYHUDOȝPORFDWHGZLWKLQ
WKHZHDUVFDUVDVLGHQWLILHGE\DQRSWLFDOPLFURVFRSHDWWDFKHGWRWKHVSHFWURPHWHU$UHIHUHQFH
VSHFWUXPZDVDOVRWDNHQIURPWKHVDPSOHUHJLRQQRWVXEMHFWHGWRWKHZHDUWHVWV7KHUHODWLYH
GHQVLW\RIEDVDOWRHGJHVLWHVLQ0R6ZDVHVWLPDWHGXVLQJLQWHQVLWLHVRI(JDQG$JEDQGVDW
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DQGFP UHVSHFWLYHO\>@7KHDYHUDJHVL]HRILQSODQHFU\VWDOOLWHVL]HRIJUDSKLWH
SKDVHZDVHVWLPDWHGIURPLQWHJUDWHGLQWHQVLWLHVDUHDVRI'DQG*EDQGV,'DQG,*ORFDWHG
UHVSHFWLYHO\DWDQGFPXVLQJWKHIROORZLQJHTXDWLRQ>@ 
/D [íO,',*í 
:KHUH /D QP LV WKH DYHUDJH VL]H RI VS FU\VWDOOLWH FOXVWHUV DQG O LV WKH H[FLWDWLRQ ODVHU
ZDYHOHQJWKQP 
 
3. Results and discussion 
3.1. Surface morphology 
Figure 1 a shows an SEM image of an as-produced PEO coating where a micron scale 
rough morphology with a degree of surface porosity can be clearly seen. Such a morphology 
results from the stochastic motion of surface arc discharges during the coating process, which 
converts the aluminum alloy surface into ceramic alumina coating and is typical for PEO 
processing [41]. The surface roughness of as-produced PEO coatings was measured at an Ra 
value of about 2.7 ȝm. Such roughness and porosity (visible in Figure 1a) was used to 
mechanically bond and create reservoir sites for the chameleon burnished coating applied as 
the next processing step. After the chameleon overcoat application, the sample surface 
morphology was much smoother, as evidenced in Figure 1b. Correspondingly, the surface 
roughness was reduced to an Ra value of about 0.2-0.3 ȝm. Figure 1b also indicates 
macroscopic variations in chameleon coating thickness with visible thicker patches of the 
burnished chameleon coating. Since a chameleon coating is very soft, the thickness non-
uniformity was not deemed critical for the fretting wear studies as it was expected that the 
contact pressure will extrude the excess of chameleon overcoat and the load will be fully 
supported by the relatively harder PEO alumina coating.  
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Figure 2 presents a cross-sectioned image of the PEO/chameleon coating, where the layers 
of the alumina and chameleon coating are clearly visible, allowing for the estimations of 
thecoating layer thicknesses. It is clear that the chameleon coating is conformal to the PEO 
surface, covering up the PEO surface rough morphology. The images also illustrate the fully 
dense nature of the inner regions of the PEO coating, which is important observation for the 
coating mechanical endurance reported later. Nanoindentation experiments performed on the 
PEO coating cross-section had indicated that both the hardness and elastic moduli fluctuate in 
a wide range, where the hardness value of the PEO coating was varied in the 10-33 GPa range, 
and the corresponding elastic moduli were varied within the 165-370 GPa range over 20 
measurements. Such a large variation of the measured nanoindentation response and the 
presencHRIKDUGHUĮ-Al2O3DQGVRIWHUȕ-Al2O3) phases was reported on previously [47, 48]. 
The chameleon solid lubricating overcoat is very soft and is easily pushed out of the contact. It 
therefore GRHVQ¶WFRQWULEXWHWRthe load support during the fretting wear contact. Nevertheless, 
the presence of the MoS2, Sb2O3, and graphite phases with low shear strength in the chameleon 
overcoat layer is critical for the observed fretting wear response which is discussed in detail in 
the following sections. 
 
3.2 Friction behavior 
$IUHWWLQJORRSLVDFRPPRQO\XVHGPHWKRGWRLGHQWLI\WKHIUHWWLQJFRQWDFWUHVSRQVH>
@7KH WDQJHQWLDO IRUFH YHUVXV GLVSODFHPHQW DPSOLWXGH ORRSV RI IUHWWLQJ WHVWV XQGHU  1
QRUPDOORDGRQ3(2FRDWLQJDEDQG3(2FKDPHOHRQFRDWLQJFGDJDLQVWVWHHOEDOOLQDLU
FRQGLWLRQ DUHSORWWHG LQ)LJXUH7KHGHWDLOHG WUDQVLWLRQ DPSOLWXGHVEHWZHHQ VWLFNVOLS DQG
JURVVVOLSIUHWWLQJUHJLPHVDUHVKRZQLQ7DEOH)UHWWLQJORRSVVKRZQLQ)LJXUHDDQGF
H[KLELWDFKDUDFWHULVWLFQDUURZVKDSHIRUVWLFNVOLSUHJLPHZKLOHORRSVVKRZQLQ)LJXUHE
DQGGKDYHDIUDFWLRQSDUDOOHOWRWKHGLVSODFHPHQWD[LVLQGLFDWLQJDIXOOVOLGLQJHYHQWVDWWKH
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EDOOFRDWLQJLQWHUIDFHDQGDVVRFLDWHGZLWKWKHJURVVVOLSIUHWWLQJUHJLPH>@%DVHGRQWKH
IUHWWLQJUHJLPHWUDQVLWLRQDPSOLWXGHVVKRZQLQ7DEOHLWFDQEHFRQFOXGHGWKDWWKHWUDQVLWLRQ
EHWZHHQVWLFNVOLSDQGJURVVVOLSUHJLPHVIRUWKH3(2FKDPHOHRQFRDWLQJKDSSHQHGDWPXFK
ORZHUDPSOLWXGHVWKDQIRU3(2FRDWLQJ7KLVLVYHU\EHQHILFLDOIRUUHGXFLQJRFFXUUHQFHRIWKH
VWLFNVOLS UHJLPH LQ SUDFWLFDO DSSOLFDWLRQV DQG FRUUHVSRQGLQJ IDWLJXH FUDFN GHYHORSPHQWV
>@ 
UQGHU JURVVVOLS FRQGLWLRQ LQ IUHWWLQJ WKH UDWLR EHWZHHQ WDQJHQWLDO IRUFH DQG DSSOLHG
QRUPDOORDGFDQEHH[WUDFWHGIURPWKHORRSDQGLQWHUSUHWHGDVDQLQGLFDWLRQRIFRHIILFLHQWRI
IULFWLRQ&R)>@7KHHYROXWLRQRI&R)IRU3(2DQG3(2FKDPHOHRQFRDWLQJVGXULQJ
F\FOHVIUHWWLQJWHVWVDJDLQVWVWHHOLQDLUDQGQLWURJHQDUHSORWWHGLQ)LJXUHIt can be observed 
that the CoF for PEO coating against steel is higher than that of PEO/chameleon coating in 
both, air and nitrogen conditions. The friction reduction mechanism of the MoS2/Sb2O3/C 
chameleon coating was explained by Zabinski et al. [42]. In the chameleon composite coating, 
graphite acts as lubricant in humid environment while MoS2 acts as lubricant in a dry nitrogen 
environment. Meanwhile, Sb2O3 acts synergistically with MoS2 to further improve the friction 
behavior of the chameleon coating. In nitrogen atmosphere, the CoF is lower than that observed 
in air for both, PEO and PEO/chameleon coatings. Oxidation of MoS2 film forms MoO3 phases 
that have a negative effect on lubricant performance. MoO3 can display reasonably low CoF 
among oxides but not nearly as low as that of MoS2 [53]. In this study, the dry nitrogen 
environment restrained the formation of MoO3, which resulted in low friction performance of 
MoS2. Moreover, fretting wear process against a steel ball generates oxidized wear debris in a 
humid air [54], which leads to higher coefficient of friction on PEO coatings [8]. The 
lubrication performance of MoS2 in dry nitrogen is better than that of graphite in humid air due 
to synergistic effects with Sb2O3 [55], which leads to lower CoF of chameleon coatings in dry 
nitrogen condition compared to humid air environment. 
13 
 
In the case of fretting contact against an alumina ball, the evolution of CoF for PEO and 
PEO/chameleon coatings during 10,000 cycles fretting tests in air and nitrogen environments 
are plotted in Figure 5. It can be observed that the CoF for the PEO coating against alumina is 
much higher than that for the PEO/chameleon coating in both air and nitrogen owing to the 
self-lubricating performance of the chameleon coating, which is the same effect as observed in 
the fretting contact against the steel ball. The PEO/chameleon coating also showed lower CoF 
in nitrogen than in air due to superior the lubrication behavior of MoS2. However, the CoF for 
the PEO coating in dry nitrogen is significantly higher than that in humid air, which is different 
from the results obtained against steel. This can be attributed to the fact that a thin lubricating 
film of aluminum hydroxide is formed in a humid environment at the alumina/PEO coating 
interface [8]. $YHUDJHFRHIILFLHQWRIIULFWLRQYDOXHVIRUWHVWHGFRDWLQJVDJDLQVWVWHHODQGDOXPLQD
EDOOVLQDLUDQGQLWURJHQDWPRVSKHUHVDUHOLVWHGLQ7DEOH 
)UHWWLQJ H[SHULPHQWV IRU  F\FOHV ZHUH FRQGXFWHG WR LQYHVWLJDWH WKH ORQJWHUP
IULFWLRQDOEHKDYLRURIWHVWHGFRDWLQJVLQDLU)LJXUHDQGQLWURJHQ)LJXUHIt has been shown 
that during tests in air against steel the CoF for the PEO coating would stay at a high level 
(between 0.95 and 1.00) during the entire fretting test, while CoF for the PEO/chameleon 
coating would gradually increase at the early stage, then stay stable at around 0.92 after 20,000 
cycles fretting. Interestingly, the CoF for the PEO/Chameleon coating against alumina 
remained at around 0.22 until 25,000 fretting cycles, after which it gradually increased to 
around 0.68. In humid air environment condition, graphite acted as an active lubricant, 
dominating the lubrication performance of MoS2/Sb2O3/C chameleon coating. During the 
fretting process, Sb2O3 phase provided a lubrication effect maintaining low friction 
performance. Previous research defined failure of MoS2/Sb2O3/C coating as an increase in 
average friction over 0.65 [42]. Hence, in this study the significant increase of CoF observed 
in air environment (Figure 6) is interpreted as the failure of the chameleon coating. 
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,QWKHFDVHRIDQLWURJHQHQYLURQPHQWWKHHYROXWLRQRI&R)IRU PEO coating against steel 
would stay constant at approximately 0.90-0.98, while for PEO/chameleon the observed CoF 
was much lower at around 0.15-0.22. The friction of PEO/chameleon coating against alumina 
had a decreasing trend with CoF at 0.17 at the beginning of the test and 0.13 after 100,000 
fretting cycles. Hence, the PEO/chameleon coating can significantly reduce the friction and 
improve wear performance in both humid air and dry nitrogen conditions owing to the 
lubricating properties of graphite and MoS2. The presence of hexagonal MoS2 and graphite in 
the contact region is verified with Raman spectroscopy analysis discussed in section 3.4. 
 
3.3 Wear performance 
:HDUYROXPHLV W\SLFDOO\XVHGDVDNH\SDUDPHWHUWRFKDUDFWHUL]HZHDUSHUIRUPDQFHRI
PDWHULDOV+RZHYHULQWKLVVWXG\DUHODWLYHO\URXJKQDWXUHRI3(2FKDPHOHRQFRDWLQJVXUIDFH
PDGHLWGLIILFXOWWRFDOFXODWHWKHZHDUYROXPHDFFXUDWHO\)RUWKLVUHDVRQZHDUGHSWKZDVXVHG
LQVWHDGLQWKLVVWXG\([DPSOHVRI'VXUIDFHPRUSKRORJLHVDQGZHDUGHSWKPHDVXUHPHQWVRI
WHVWHG FRDWLQJV DJDLQVW VWHHO DQG DOXPLQD LQ DLU DQG QLWURJHQ DUH VKRZQ LQ )LJXUH  DQG
VXPPDUL]HGLQ7DEOH,WFDQEHREVHUYHGWKDWWKHZHDUGHSWKRIWKH3(2FRDWLQJDJDLQVWVWHHO
LVODUJHUWKDQWKDWRIWKH3(2FRDWLQJDJDLQVWDOXPLQDLQERWKDLUDQGQLWURJHQFRQGLWLRQV7KH
ZHDUGHSWKRI WKH3(2FRDWLQJDJDLQVWVWHHO LQDLU LV ODUJHUWKDQLQQLWURJHQZKLOHWKHZHDU
GHSWKRIWKH3(2FRDWLQJDJDLQVWDOXPLQDLQDLULVVPDOOHUWKDQLQQLWURJHQ,QWKHFDVHRIWKH
3(2FKDPHOHRQFRDWLQJWKHZHDUGHSWKLVVPDOOHUXQGHUDQLWURJHQHQYLURQPHQW0HDQZKLOH
WKHZHDUGHSWKRIWKH3(2FKDPHOHRQFRDWLQJDJDLQVWVWHHOLVODUJHULQDLUHQYLURQPHQWZKLOH
WKHZHDUGHSWKDJDLQVWDOXPLQDLVVPDOOHULQDLU7KHODUJHUZHDUDJDLQVWDVWHHOFRXQWHUSDUWLQ
DLU LV PRVWO\ FDXVHG E\ HQWUDSSHG GHEULV IURP ZHDU DQG R[LGDWLRQ RI WKH VWHHO FRXQWHUSDUW
$FFXPXODWLRQVRIGHEULVDQGR[LGHVLQWKHFRQWDFW]RQHDUHLPSRUWDQWFRQVLGHUDWLRQVIRUIUHWWLQJ
ZHDUDQGPD\H[SODLQWKHREVHUYHGGLIIHUHQFHVLQZHDUGHSWKVIRUWHVWVZLWKDOXPQDDQGVWHHO
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EDOOV LQDLU ,QJHQHUDO WKH3(2FRDWLQJVKRZHGORZHUZHDUUHVLVWDQFHLQDOO WHVWFRQGLWLRQV
ZKLFKUHVXOWVIURPLWVORZHUKDUGQHVVDQGUHODWLYHO\KLJKSRURVLW\>@ 
0HDQZKLOHWKHLPSURYHGZHDUSHUIRUPDQFHRIWKH0R66E2&FKDPHOHRQFRDWLQJFDQ
EHDWWULEXWHGWRWKHSURSHUWLHVRIHDFKLQGLYLGXDOFRPSRQHQWDVZHOODVWKHV\QHUJLVPEHWZHHQ
WKHSKDVHV0R6KDVUHODWLYHO\KLJKZHDUUHVLVWDQFHRZLQJWRLWVFU\VWDOORJUDSKLFVWUXFWXUHDQG
ZHOOGHILQHGSODQHFRQVLVWLQJRIDWUDQVIHUILOPFRQWDLQLQJEDVDORULHQWHG0R6+RZHYHUWKH
ZHDUUHVLVWDQFHRI0R6GHFUHDVHVLQR[LGL]LQJDWPRVSKHUHGXHWRDQRQFRKHVLYHWUDQVIHUILOP
IRUPDWLRQZKLFKOHDGVWRFRQWLQXRXVORVVRIPDWHULDOIURPWKHFRQWDFWUHJLRQDQGDFFHOHUDWHG
ZHDU>@7KHSUHVHQFHRIJUDSKLWHHQKDQFHVWKHZHDUUHVLVWDQFHRI0R6E\IDFLOLWDWLQJWKH
LQWHUFU\VWDOOLQHVOLSDQGGLIIXVLRQEDUULHUIRUPDWLRQ>@0RUHRYHUDGGLWLRQRI6E2SKDVH
SUHYHQWVR[LGDWLRQGHHSHULQWRWKHFRDWLQJDQGUHGXFHVWKHWULERR[LGDWLRQHIIHFWV6E2DOVR
DFWV DV DQ HIIHFWLYH VXSSRUWLYH OD\HU IRU 0R6 > @ ZKLFK HQKDQFHV WKH RYHUDOO ZHDU
SHUIRUPDQFHRIWKHFKDPHOHRQFRDWLQJ2ZLQJWRWKHV\QHUJLVWLFHIIHFWVEHWZHHQLWVSKDVHVWKH
FKDPHOHRQFRDWLQJKDVEHWWHUZHDUUHVLVWDQFH WKDQSXUHJUDSKLWHDQGKH[DJRQDO0R6 ILOPV
>@ 
 
3.4 Structural evolution of Chameleon coating due to fretting 
5DPDQ VSHFWUD WDNHQ IURPZHDU VFDUVGHYHORSHGRQ WKH3(2FKDPHOHRQ FRDWLQJV DV D
UHVXOWRIF\FOHVRIIUHWWLQJDJDLQVWVWHHODQGDOXPLQDLQDLUDQGQLWURJHQDUHVKRZQLQ
)LJXUHWRJHWKHUZLWKWKHRULJLQDOVSHFWUXPRIDVGHSRVLWHGGXSOH[FRDWLQJ 
The spectra feature clear peaks of vibration modes for hexagonal MoS2 (E2g 383 cm-1 and 
A1g 408 cm-1) and graphite (D 1355 cm-1 and G 1580 cm-1). The response from the Sb2O3 phase 
and underlying PEO alumina cannot not be reliably identified, although some broad and weak 
bands could be observed at about 150-250, 400-480, 550-650, 720-800 and 1100-1200 cm-1. 
Strongest peaks of Sb2O3 normally appear around 250 and 450 cm-1. While there is some 
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indication of their presence, this is very minor as compared to the dominant MoS2 and graphite 
peaks, indicating an absence of well-defined Sb2O3 phases. Among relevant alumina 
SRO\PRUSKVRQO\UKRPERKHGUDOĮ-Al2O3 (corundum) is Raman active, providing peaks in the 
studied spectral range at about 420 and 650 cm-1. However this phase is mainly formed the 
inner parts of the PEO coating located beneath the region probed by the Raman analysis.  
As follows from Figure 9, the fretting tests do not induce any qualitative changes in the 
Raman spectra of the studied surfaces, implying that both MoS2 and graphite solid lubricant 
components of the chameleon layer remain present in the fretting contact area. However the 
relative intensities of the major peaks change. The intensity ratio of MoS2 E2g to A1g bands can 
be used to estimate the relative density of basal and edge sites in MoS2 [45]. While, the intensity 
ratio ID/IG of the two graphite bands could also be utilized to evaluate the average size of in-
plane crystallite size ܮ௔   in graphite [46]. Evaluated characteristics of MoS2 and graphite 
phases are provided in Table 5. It can be seen that fretting tests cause the average size of 
graphite clusters within the chameleon coating to increase slightly from about 15 nm to 16-
17.5 nm, besides the increase is more prominent following the tests in air. The Mo2S phase 
appears to align mainly along the basal planes, which is signified by the values of E2g/A1g ratio 
above 0.8. This observation is consistent with previously reported results of transmission 
electron microscopy analysis which revealed development of preferred orientations of MoS2 
and graphite basal planes parallel to the surface in similar chameleon coatings under sliding 
wear conditions [42]. In fretting wear contacts of this study, the graphite phase surface 
alignment (La parameter in Table 5) increased noticeably for the tests in air as compared to the 
tests in nitrogen, and had very little dependence on the counterpart material. At the same time, 
the MoS2 phase alignment (E2g/A1g ratio in Table 5) change depended on both environment 
and counterpart material. It showed a reduction in MoS2 basal plane parallel orientations for 
tests against alumina in humid air, while maximum enhancement of such orientation was 
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observed for the tests against steel in the dry nitrogen. Overall Raman analysis results 
corroborate previous reports of the adaptive behavior of chameleon coatings [32], but fretting 
wear adaptive mechanisms may vary from those of the sliding tests. Explorations of such 
mechanisms for duplex PEO/chameleon coatings can further enhance fretting wear resistance 
of light weight metal alloys surfaces. 
 
4 Conclusions 
A cost effective and scalable process for preparing duplex PEO/chameleon coatings on 
the surface of lightweight aluminum alloy was shown to provide a unique combination of the 
hard abrasion wear resistant underlying surface made of aluminosilicate oxides and a low shear 
top surface of environmentally adaptive MoS2/Sb2O3/C chameleon coating solid lubricant. The 
chameleon surface lubricant was embedded by filling the residual porosity (typical for the PEO 
process) of the top oxide layer with a simple burnishing process. The elastic moduli and 
hardness of the underlying PEO layer was varied within 165-370 GPa and 10-33 GPa, 
respectively, which in the combination of about 20 µm thickness provides necessary contact 
load support and abrasion resistance for fretting wear resistance. The cross-sectional SEM 
studies had confirmed such duplex coating morphology where about 5-8 µm thick solid 
lubricant layer was embedded in with PEO surface, which porous about 3 µm Ra roughness 
morphology was completely filled by the burnished chameleon coating. Raman spectroscopy 
had clearly indicated the presence of hexagonal MoS2 and graphite solid lubricant phases on 
the coating surface, which related to the observed reduction of the friction coefficients and also 
the critical stroke amplitude for the transition from gross to stick-slip fretting regime, when 
tested against steel and alumina counterparts in humid air and dry nitrogen conditions. Friction 
coefficients of order of 0.10-0.15 in humid air and 0.06-0.09 in dry nitrogen were recorded and 
linked with the surface self-adjustment from graphite to MoS2 lubrication, respectively. Critical 
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amplitudes for transition to stick-slip behavior against steel counterpart were reduced from 40-
50 µm for steel/PEO coating tests to 2-5 µm for steel/PEO+chameleon duplex coating test. 
Such an order of magnitude reduction was accompanied also with about a factor two 
improvement in wear volume reduction. The study demonstrates the effectiveness of the 
PEO/chameleon duplex coating system benefit for the friction loss and fretting wear reduction 
in gross-slip regime and fatigue wear mitigation for small stroke regimes under humid and dry 
conditions and against steel and ceramic counterparts. 
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7DEOH3DUDPHWHUVRIWKHJURXSIUHWWLQJWHVWV 
Groups Ball Coatings Frequency Amplitude Environment Normal load Cycles 
Group 1 
Alumina 
PEO/chameleon 
1 Hz 
6 µm 
Air 
100 N 
1,500 
PEO 12 µm 100 N 
Steel 
PEO/chameleon 4 µm 75 N 
PEO 40 µm 75 N 
Group 2 
Alumina 
PEO 
PEO/chameleon 3 Hz 100 µm 
Air 
20N 
10,000 
N2 
Steel 
Air 
15N 
N2 
Group 3 
Alumina 
PEO 
PEO/chameleon 3 Hz 100 µm 
Air 
20N 
100,000 
N2 
Steel 
Air 
15N 
N2 
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Table 2. Transition amplitudes between gross slip and stick/slip fretting regimes (75 N normal load). 
 
 
PEO against 
steel 
PEO against 
alumina 
PEO/chameleon 
against steel 
PEO/chameleon 
against alumina 
Stroke amplitude for stick-
slip/ gross slip regimes (µm) 
 
41.7/56.5 
 
10.7/12.1 
 
3.4/4.8 
 
5.1/6.8 
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Table 3. Average coefficient of friction for tested coatings against steel and alumina balls in air and 
nitrogen atmospheres. 
 
Fretting Wear System 
 
Average CoF in air 
 
Average CoF in nitrogen 
PEO against steel 0.93 0.89 
PEO against alumina 0.77 0.92 
PEO/chameleon against steel 0.12 0.07 
PEO/chameleon against alumina 0.11 0.08 
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Table 4. Wear depth values for tested coatings against steel and alumina in air and nitrogen. 
 
Maximum wear depth in 
air (µm) 
Maximum wear depth in 
nitrogen (µm) 
PEO against steel 11.5 7.2 
PEO against alumina 2.1 5.1 
PEO/chameleon against steel 6.6 2.9 
PEO/chameleon against alumina 3.8 3.6 
 
 
  
27 
 
Table 5. Effect of fretting test conditions on the characteristics of graphite and MoS2 solid lubricant 
phases in chameleon coating surface from Raman analysis. 
Phase / 
Characteristic 
Test Condition (Counterface / Environment) 
As-deposited Alumina/ N2 Alumina/ Air Steel / N2 Steel / Air 
In-plane 
Graphite 
phase size/ 
La(nm) 
15.15 16.04 17.57 16.07 17.28 
In plane 
Mo2S 
orientation/ 
E2g/A1g 
0.92 0.94 0.88 1.00 0.96 
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Figure 1. Surface topography (a) PEO coating, (b) PEO/chameleon coating. 
Figure 2. SEM cross-section image of the PEO/chameleon coating on the surface of aluminum alloy 
sample. 
Figure 3. Fretting loops against steel in humid air: (a-b) PEO coating, (c-d) PEO/chameleon coating. 
Figure 4. Coefficient of friction evolution of PEO and PEO/chameleon coatings against steel under 
10,F\FOHVIUHWWLQJZLWK1QRUPDOORDGȝPDPSOLWXGHDQG+]IUHTXHQF\. 
Figure 5. Coefficient of friction evolution of PEO and PEO/chameleon coatings against alumina under 
10,F\FOHVIUHWWLQJZLWK1QRUPDOORDGȝPDPSOLWXGHDQG+]IUHTXHQF\. 
Figure 6. Coefficient of friction evolution of PEO and PEO/chameleon in air under 100,000 cycles 
IUHWWLQJZLWKȝPDPSOLWXGHDQG+]IUHTXHQF\. 
Figure 7. Coefficient of friction evolution of PEO and PEO/chameleon in nitrogen under 100,000 
F\FOHVIUHWWLQJZLWKȝPDPSOLWXGHDQG+]IUHTXHQF\. 
Figure 8. Worn surface morphology after 10,000 cycles. (a) PEO against steel in air, (b) 
PEO/Chameleon against steel in air, (c) PEO against alumina in air, (d) PEO/chameleon against 
alumina in air. 
Figure 9. Raman spectra of PEO/chameleon coatings following fretting tests. 
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